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Abstract 
Composite materials exhibit complex failure behavior under impact loading especially such as that for composite landing 
gear structure. Possible failure modes in composites may include matrix cracking, fiber breakage, kinking, fiber-matrix 
debonding or delamination between composite plies. In order to better understand the damage mechanisms and non-linear 
response of composite structures under impact, complex geometries, materials, ply orientations and stacking sequence need 
to be considered. However, general drop test analysis for composite structures usually takes a lot of computational efforts, 
and it may be even more expensive for failure analysis and optimization when various structural geometries and design 
configurations are taken into account. This paper proposes a new methodology for evaluation and optimization of failure 
behavior of composite structures subjected to impact loading, whereby drop test analysis of composite structures is modeled 
by explicitly dynamics analysis of two-dimensional structures and implicit analysis of three-dimensional solid structures to 
predict delamination or out-of-plane failure. The above-mentioned modeling strategy helps speed up the optimization 
process and considerably save computational time and efforts. The proposed methodology together with reliable 
optimization algorithms and failure theory criteria are integrated and coded into a FE optimization tool by Python script. It 
is shown that the optimization tool effectively helps engineers and researchers perform optimization of general composite 
structures and fully take into account of various geometries, materials, loading configurations, composite stack-up and 
sequences and individual ply's orientation. 
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1. Introduction 
Composites materials are widely used in most fields of engineering, especially in aerospace industry because 
of its light weight, high specific strength and stiffness, corrosion resistance and high thermal resistance. 
However, the design of composite materials and structures is much more complex than for most of other 
materials due to the anisotropic behavior of composite materials. Failure of composite materials can occur due 
to kinking or breakage of constituent fibers or splitting and cracking of matrix, or fiber-matrix debonding, 
delamination at fiber-matrix interfaces or possible concurrence of different failure mechanisms. This requires 
more careful design and analysis for composite structures to be addressed to accurately account for structural 
behavior, especially when structure’s response may significantly change with a variation in geometries, 
materials, orientations, stacking sequences or loading conditions of composite materials. A computational and 
modeling tool to be used for efficient research and design work for composite materials is highly desirable for 
structural engineers. 
Our strategy aims to develop an effective modeling methodology for the impact analysis of composite 
landing gear and a Python-based optimization tool for composite structures. The optimum composite 
configuration obtained from the analysis and optimization could significantly enhance the performance of 
composite structures and provide the structures with the most sustainability to failure. 
2. Methodology 
Before proceeding with finite element analyses, material properties of woven-fabric E-glass/ E722 8HS 
epoxy composite material are first tested by tensile, shear, compressions coupon tests. These testes include: 
x Tensile testing of unidirectional 00 coupons following ASTM D3039/D3039M-08 [1] 
x Tensile testing of unidirectional 900 coupons following ASTM D3039/D3039M-08 [1] 
x Shear testing of unidirectional 450 coupons following ASTM D3518/D3518M-94 [2] 
x Out-of-plane tensile testing of unidirectional 00 coupons following ASTM D3039/D3039M-08 [1] 
x Through-thickness tensile testing following ASTM D3039/D3039M [1] 
x Compressive testing of unidirectional 00 coupons following ASTM D6641/D6641M-09 [3] 
x Compressive testing of unidirectional 900 coupons following ASTM D6641/D6641M-09 [3] 
The procedures for experimental preparation and setup follow closely those in ASTM standards. Strain 
gauges are originally mounted on the specimens to obtain strains during the test. The specimens are loaded 
until failure to obtain their elastic moduli and respective strengths. Instron machine 8501 and Data Acquisition 
Mx100- Yokogawa machines (strain gauge reader) are used for the tests. After the tests, elastic moduli, shear 
moduli, Poisson’s ratios and constitutive strengths of the material are obtained. 
Next, drop test experiment of a landing beam specimen made of the above-tested material is conducted 
inside a drop tower (Fig 1). The specimen is lifted to 1.5 meter height by hydraulic system and guided to freely 
fall by two sliding columns of the tower. The beam specimen is tilted at 300 angle with horizontal plane. Strain 
gauges are placed symmetrically on two sides of the specimen and at different locations along the curved beam. 
All strain gauges are connected to strain modules which read strain magnitudes during the impact period. 
Additionally, two load cells are placed underneath the aluminium blocks where impact is expected to measure 
the reaction forces arise from the impact. Two high speed cameras are used to capture the deformation and 
failure of the specimen.  
Three dimensional finite element (FE) model is constructed using 8-node hexahedral elements to simulate 
the drop test experiment (Fig 2). The tested material properties are used for the simulation and initial velocity 
corresponding to 1.5 meter drop height is prescribed for the drop test FE model. The drop test analysis is 
carried out under the explicit solver of ABAQUS. The computed strains at various locations and predicted 
reaction forces are compared to experimental data. Since conventional drop test simulation of the 3D model 
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with 8-node brick elements is computationally very extensive, an effective methodology is developed to speed 
up the analysis. By this methodology, drop test analysis of a general composite structure can be done by 
combining drop test analysis of 2D structural profile and subsequently static analysis of the relevant 3D solid 
structure. It is noted that results such as reaction forces obtained from the 2D analysis are used as a loading for 
subsequent analysis of the 3D model. By this way accuracy of results can be preserved. This modeling strategy 
is implemented into an optimization tool. In addition, options and inputs for the optimization tool such as 
composite materials, loading conditions, failure criteria and other design requirements can be specified by 
users. The tool will automatically carry out FE analyses and optimization of composite structures based on the 
provided inputs. The tool is coded by Python script and execute under ABAQUS environment using the 
implicit and explicit solvers of ABAQUS.  
 
(a)       (b)    
 
Fig.1 (a) Experimental drop test setup and (b) Strain gauge positions  
 
 
 
 
Fig. 2 Finite element model for drop test analsyis  
3. Results 
The material properties of the woven-fabric composite are summarized in Table 1 including longitudinal 
tensile modulus in fiber direction (E1), transverse and out-of-plane moduli (E2, E3), shear moduli (G12, G13, G23) 
and Poisson ratios. Constituent composite strengths such as tensile and compressive strengths in fiber direction 
(Xt and Xc), tensile and compressive strengths in transverse direction (Yt and Yc), and in-plane shear strength 
(S12) are also measured from the tests.   
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Table 1. Summary of material properties obtained for E-glass/Epoxy 7781 woven fabric composite 
 
Description Woven Fabric  E-Glass/Epoxy 7781 
Longitudinal modulus E1 (GPa) 25.8 
Transverse in-plane modulus E2 (GPa) 23.9 
Transverse out-of-plane modulus E3 (GPa) 10.9 
In-plane shear modulus G12 (GPa) 4.5 
Out-of-plane shear modulus G23 (GPa) 3.84 
Out-of-plane shear modulus G13 (GPa) 3.84 
In-plane Poisson’s ratio v12 0.118 
Out-of-plane Poisson’s ratio v23 0.419 
Out-of-plane Poisson’s ratio v13 0.419 
Longitudinal tensile strength Xt (MPa) 479.8 
Transverse tensile strength Yt (MPa) 423.6 
Out-of-plane tensile strength Zt (MPa) 55.7 
Longitudinal compressive strength Xc (MPa) 445.7 
Transverse compressive strength Yc (MPa) 358.8 
In-plane shear strength S12 (MPa) 65.6 
 
The failure predicted by the FE model is shown in Fig 3 which is very similar to the failure observed in the 
experiment. Fig 4 provides a comparison between the predicted load by the FE model and experimental impact 
loads. Figures 5 shows strain comparisons between the experiment and simulation at various positions with 
more focus at the beginning of impact. Good agreements between the experimental results and simulation 
results are found. 
 
 
  
 
Fig. 3 Failure predicted by the FE model in comparison with experiment 
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Fig. 4. Predicted impact forces compared to experimental reaction forces for load cell 1 and 2  
7 Dinh Chi Pham and Sridhar Narayanaswamy /  Procedia Engineering  75 ( 2014 )  3 – 8 
 
       
  
    
 
Fig. 5 Predicted strain at location of strain gauges 1, 2, 3, 4, 6, 10 (red color) vs. Strain measured from the experiment (blue color)  
 
The drop test optimization tool with efficient modeling methodology (as seen in Fig 6) is capable of 
providing the best configuration (e.g. optimum composite stack-up) to improve the structure’s performance. 
The tool automatically runs series of drop test analyses, post-process results to evaluate 2D failure indices of 
the structure and to obtain N reasonably good configurations satisfying design requirements. The subsequent 
3D analyses of these N configurations help retrieve out-of-plane stresses and provide out-of-plane failure 
indices. Based on the results from 2D and 3D analyses, an optimization index is evaluated. Depending on the 
criteria and optimization algorithms chosen, best final structure configurations will be determined. Example for 
optimization of a typical composite laminate consisting of 6-ply blocks are given in Fig 7. 
 
 
 
Fig. 6 Modeling methodology for drop test analysis 
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Fig. 7 (a) Typical composite laminate with 6-ply blocks and (b) Drop test optimization considering all possible layups and (c) Evaluation of 
time-history reaction forces, deformation and Tsai-Wu failure index for all possible layups during the impact period 
 
4. Discussion 
Detailed coupon tests of the woven fabric E-glass/E722 8HS composite material have been presented. The 
experimental impact test for a landing beam structure with the tested material has been done and compared to 
the predictions by finite element model. Reasonably good agreements between experimental and simulation 
results are obtained.  
An effective modelling strategy for the drop test simulation has been proposed in which drop test analysis 
of general composite structures can be effectively modeled by analysis of two-dimensional structures and static 
analysis of three-dimensional solid structures to predict out-of-plane failure. The afore-mentioned modeling 
strategy helps speed up the optimization process and save much computational time, since the general drop test 
optimization for 3-D composite structures takes significantly more computational effort. The optimization tool 
is therefore an useful tool for aerospace composite engineers and analysts to perform automated optimization of 
composite structures.    
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